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Induction of Spine Growth and Synapse Formation
by Regulation of the Spine Actin Cytoskeleton
elongation and shortening of spines over minutes (Dailey
and Smith, 1996; Dunaevsky et al., 1999; Lendvai et al.,
2000; Korkotian and Segal, 2001a; Portera-Cailliau et
Karen Zito,1 Graham Knott,2
Gordon M.G. Shepherd,1
Shirish Shenolikar,3 and Karel Svoboda1,*
1Howard Hughes Medical Institute al., 2003); (3) emergence and retraction of spines over
Cold Spring Harbor Laboratory longer times (Maletic-Savatic et al., 1999; Engert and
Cold Spring Harbor, New York 11724 Bonhoeffer, 1999; Trachtenberg et al., 2002; Grutzendler
2 Institut de Biologie Cellulaire et Morphologie et al., 2002). Little is known about the structure of the
Universite´ de Lausanne spine actin cytoskeleton. Spine actin is mostly in fila-
Rue du Bugnon 9 mentous form, and the time constant of actin turnover
CH 1005, Lausanne is on the order of 40 s (Star et al., 2002). This rapid rate
Switzerland suggests that actin turnover underlies the small, rapid
3 Department of Pharmacology and Cancer Biology spine shape changes. The relationships between the
Duke University Medical Center cytoskeleton and spine growth and retraction are
Durham, North Carolina 27710 poorly understood.
Extrinsic and intrinsic signals likely both influence the
rate of motility of dendritic spines. Extracellular signaling
Summary molecules can affect the size, shape, or density of den-
dritic spines (Halpain et al., 1998; McKinney et al., 1999;
We explored the relationship between regulation of Ethell et al., 2001; Wong and Wong, 2001; Penzes et al.,
the spine actin cytoskeleton, spine morphogenesis, 2003). In addition, manipulation of many intrinsic spine
and synapse formation by manipulating expression of proteins has been demonstrated to influence spine size,
the actin binding protein NrbI and its deletion mutants. shape, or density (Hayashi and Shirao, 1999; Pak et al.,
In pyramidal neurons of cultured rat hippocampal 2001; Penzes et al., 2001; Sala et al., 2001; Ackermann
slices, NrbI is concentrated in dendritic spines by bind- and Matus, 2003; Hering and Sheng, 2003; Meng et al.,
ing to the actin cytoskeleton. Expression of one NrbI 2003; Murai et al., 2003; Pak and Sheng, 2003; Passafaro
deletion mutant, containing the actin binding domain,
et al., 2003; Sala et al., 2003); one common theme has
dramatically increased the density and length of den-
been the involvement of the Rho family GTPases as
dritic spines with synapses. This hyperspinogenesis
downstream effectors on the actin cytoskeleton (Naka-
was accompanied by enhanced actin polymerization
yama et al., 2000; Tashiro et al., 2000; Luo, 2002; Ishi-and spine motility. Synaptic strengths were reduced to
kawa et al., 2003; Govek et al., 2004). Yet it remainscompensate for extra synapses, keeping total synaptic
unclear how each protein affects the spine actin cy-input per neuron constant. Our data support a model
toskeleton and how these effects are transduced intoin which synapse formation is promoted by actin-pow-
changes in spine size, shape, or density.ered motility.
NeurabinI (NrbI; Nakanishi et al., 1997) and Spinophi-
lin/NeurabinII (NrbII; Allen et al., 1997; Satoh et al., 1998)Introduction
are two related proteins with roles in spine morphogene-
sis. Knockouts of NrbII show increased spine densitiesMotility of spines may facilitate synapse formation and
during development (Feng et al., 2000), and expressionsynaptic plasticity (reviewed by Bonhoeffer and Yuste,
of NrbI in cultured cells causes filopodial outgrowth (Oli-2002). Spines are highly dynamic during development
ver et al., 2002). Both proteins contain N-terminal actinboth in vitro (Dailey and Smith, 1996; Dunaevsky et al.,
binding domains, PP1 binding domains, PDZ domains,1999) and in vivo (Lendvai et al., 2000; Majewska and
and C-terminal coiled-coil domains. The coiled-coil do-Sur, 2003). Periods of high motility coincide with syn-
main supports homodimerization as well as heterodi-apse formation, and it has been suggested that dendritic
merization of NrbI/NrbII (MacMillan et al., 1999; Olivermotility is important for the establishment of synaptic
et al., 2002). Both proteins have been shown to bindconnections (Ziv and Smith, 1996). In fact, sensory depri-
F-actin and to promote F-actin crosslinking (Nakanishivation paradigms that decrease spine motility also dis-
et al., 1997; Satoh et al., 1998).rupt formation of appropriate synaptic circuits (Lendvai
Here we used NrbI and NrbI deletion mutants to ex-et al., 2000). One model suggests that, during synapto-
plore the relationship between spine actin dynamics,genesis, spine motility permits the sampling of large
spine motility, spine morphogenesis, and synapse for-numbers of potential presynaptic partners; connections
mation. We demonstrate that binding to the spine actinare later stabilized via activity-dependent mechanisms
cytoskeleton concentrates NrbI in dendritic spines. We(Jontes and Smith, 2000).
Spine motility is driven by the actin cytoskeleton (Ma- show that one NrbI mutant stimulates F-actin polymer-
tus, 2000). Three types of motility have been described: ization and spine motility, leading to increased spine
(1) small, rapid changes in spine shape over seconds morphogenesis and synapse formation. Finally, we
(Fischer et al., 1998; Korkotian and Segal, 2001b); (2) show that cells with extra synapses downregulate indi-
vidual response sizes to keep total synaptic input con-
stant.*Correspondence: svoboda@cshl.edu
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ble, indicating that latB treatment did not grossly change
spine size. These experiments indicate that an intact
actin cytoskeleton is required for GFPNrbI localization
in spines.
NrbI contains an F-actin binding domain at its N termi-
nus (Figure 3A). Deletion of the actin binding domain
in NrbI(286-1095) resulted in a dispersed distribution
(Figure 3B), demonstrating that the actin binding domain
is necessary for spine localization. In addition, we exam-
ined the localization of a truncated mutant of GFPNrbI,
GFPNrbI(1-287), containing the actin binding domain but
lacking the PP1 binding, PDZ, and coiled-coil domains.
This deletion mutant still retained the ability to concen-
trate in dendritic spines (Figure 3B), thus a short N-terminal
fragment of NrbI containing the F-actin binding domain
is sufficient to direct localization of GFPNrbI to spines.
NrbI(1-287) Increases Spine Density and Length
Previous studies have suggested that NrbI and NrbII
may be involved in determining spine numbers and
Figure 1. GFPNrbI Is Concentrated in Dendritic Spines shape (Feng et al., 2000; Oliver et al., 2002). To define
a possible role of the actin binding domain of NrbI in(A and B) Examples of GFPNrbI fluorescence of dendrites and spines
from two transfected hippocampal CA1 neurons. spine morphogenesis, we examined the effects of full-
(C and D) Alexa594 fluorescence of the dendritic segments shown length NrbI and NrbI deletion mutants (Figure 3A) on CA1
in (A) and (B). pyramidal dendritic spines. Neurons were transfected at
(E and F) Combined dual color image. Yellow color indicates colocal-
3 days in vitro (DIV), and spine morphology was exam-ization of GFPNrbI and Alexa594. GFPNrbI was typically concen-
ined 5–8 days later. We observed a dramatic spine mor-trated in the spine head (white arrows). Long, thin filopodial-like
phogenesis in cells expressing GFPNrbI(1-287) as com-protrusions contained strong GFPNrbI staining (white arrowheads).
Scale bars, 5 m. pared to cells expressing GFPNrbI(1-1095) or GFPNrbI
(286-1095) (Figure 3B). To quantify morphology, trans-
fected cells and nearby untransfected neighbors were
loaded with Alexa594 through a whole-cell pipette (Fig-Results
ures 3C and 3D) and imaged. Measurements of spine
density and length revealed no differences betweenThe Actin Cytoskeleton Directs Spine Localization
neurons expressing NrbI(1-1095) and NrbI(286-1095)of NrbI
and control cells. However, expression of GFPNrbITo probe the role of the spine actin cytoskeleton in spine
(1-287) caused a dramatic increase in both spine densitymorphogenesis and synapse formation, we manipulated
(1.5-fold) and length (1.6-fold; Figures 3E and 3F).the expression of the neuronal actin binding protein
Since GFPNrbI(1-287) is shorter than both GFPNrbIneurabinI (NrbI) and its mutants. We began by examining
(1-1095) and GFPNrbI(286-1095), we were concernedthe expression of a GFP-tagged NrbI (GFPNrbI) in CA1
that higher expression levels for GFPNrbI(1-287) maypyramidal neurons of hippocampal slice cultures. Cells
be responsible for the phenotypic difference. However,transfected with GFPNrbI were filled with a red dye
several lines of evidence argue against this interpreta-(Alexa594) and imaged with two-photon microscopy.
tion. First, we quantified protein expression levels andGFPNrbI was concentrated in dendritic spines of CA1
found that typical cells chosen for analysis expressedpyramidal neurons (Figures 1A–1F). All spines contained
the fusion proteins at similar levels in spines (see Experi-GFPNrbI in their spine heads (white arrows in Figures
mental Procedures). Second, we observed that the hy-1A–1F), resembling the distribution of the endogenous
perspiny phenotype of GFPNrbI(1-287) was especiallyprotein (Nakanishi et al., 1997; Muly et al., 2004). In
pronounced in cells with modest expression levels (Sup-addition, long, thin filopodia-like protrusions showed
plemental Figures S1A and S1B [http://www.neuron.strong GFPNrbI staining (white arrowheads, Figures
org/cgi/content/full/44/2/321/DC1/]). The cells chosen1A–1F).
for analysis had normal somatic morphology and den-As F-actin is concentrated in dendritic spines (Matus
dritic branching patterns compared to neighboring un-et al., 1982), we sought to determine if F-actin binding
transfected cells (Supplemental Figures S1C and S1D).was required for the localization of GFPNrbI to spines.
Thus, expression of GFPNrbI(1-287), comprising littleWe used latrunculin B (latB) to transiently disrupt the
more than the actin binding domain of NrbI, inducedF-actin cytoskeleton and examined the effects on
spine morphogenesis in CA1 pyramidal neurons.GFPNrbI distribution. Application of latB (5 M) rapidly
(10 min) and reversibly decreased GFPNrbI fluores-
cence in dendritic spines (Figures 2A and 2B) and in- Actin Binding Domain of NrbI Is Sufficient
to Stimulate Spine Morphogenesiscreased GFPNrbI fluorescence in dendritic shafts (Fig-
ures 2A and 2C). Neurons expressing GFPactin showed We wondered if the ability of NrbI(1-287) to promote
spine morphogenesis was solely due to its interactiona similar shift in fluorescence. In contrast, fluorescence
distributions in neurons expressing GFP alone were sta- with the actin cytoskeleton or if perhaps other factors
NrbI Actin Binding in Spine and Synapse Growth
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Figure 2. Spine Localization of NrbI Requires the Intact Actin Cytoskeleton
(A) Time-lapse images of neurons transfected with GFPNrbI, GFPactin, and GFP. Latrunculin B (latB, 5 M) was added to the circulating ACSF
after two baseline images and was washed out 10 min later. Time stamps are in minutes. Scale bar, 5 m.
(B) Time course of spine fluorescence before, during, and after latB treatment.
(C) Time course of dendritic fluorescence before, during, and after latB treatment. Numbers per group are as follows: GFP, 14 spines, 8
dendrites; GFPNrbI, 12 spines, 13 dendrites; GFPactin, 17 spines, 10 dendrites.
Figure 3. Expression of GFPNrbI(1-287) Increases Spine Length and Density
(A) Schematic of NrbI and deletion mutants. NrbI(1-1095) is the full-length protein.
(B) Dendrites and spines of CA1 pyramidal neurons expressing GFPNrbI(1-1095), GFPNrbI(286-1095), or GFPNrbI(1-287). Scale bar, 5 m.
(C and D) Transfected cells (GFP signal, green) were filled with a red dye (Alexa594 signal, red). Yellow color indicates colocalization of GFP
signal with red dye fill. Untransfected neighboring cells were filled with Alexa594 and quantified as controls (E). Scale bar, 50 m.
(E) GFPNrbI(1-287)-expressing cells had significantly higher spine densities than untransfected cells (p 0.0001). Spine densities of GFPNrbI(1-
1095) and GFPNrbI(286-1095) cells were not significantly different from spine densities in untransfected neighbors.
(F) GFPNrbI(1-287) but not GFPNrbI(1-1095) and GFPNrbI(286-1095) expressing cells had longer spines than untransfected neighbors (p 
0.0001). Number of cells and number of spines per group: GFPNrbI(1-287), 18 cells, 3797 spines; untransfected, 18 cells, 2841 spines;
GFPNrbI(1-1095), 3 cells, 404 spines; GFPNrbI(286-1095), 3 cells, 554 spines.
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Figure 4. Actin Binding Domain Is Sufficient for Spine Morphogenesis
(A) Raw data for a FRAP experiment of GFPNrbI. Colored boxes in the first panel show regions where fluorescence intensity was measured.
Time stamps are in seconds. One spine (red box, red arrows) was bleached between 40 and 50 s. Scale bar, 2 m.
(B) Fluorescence intensity values corresponding to the boxes in (A). Red, bleached spine; blue, unbleached neighboring spine; green, back-
ground.
(C) FRAP of GFPactin (open triangles), GFPNrbI(1-1095) (open squares), GFPNrbI(1-287) (open circles), and GFPNrb287mut (solid circles).
Number of cells and number of spines per group: GFPactin, 5 cells, 16 spines; GFPNrbI(1-1095), 8 cells, 26 spines; GFPNrbI(1-287), 8 cells,
27 spines; GFPNrb287mut, 3 cells, 15 spines.
(D) Alignment of the N termini of NrbI and NrbII. Sequence identities and strong similarities are highlighted in red. The boxed region was
deleted to make Nrb287mut.
(E) Combined dual color image of a cell expressing GFPNrb287mut (green), filled with Alexa594 (red). Yellow color indicates colocalization of
GFPNrb287mut and Alexa594. GFPNrb287mut was concentrated in the spine head (white arrows) and in thin, filopodial-like protrusions (white
arrowheads). Scale bar, 5 m.
(F) GFPNrb287mut-expressing cells had significantly higher spine densities than untransfected cells (p  0.01).
(G) GFPNrb287mut-expressing cells had longer spines than untransfected neighbors (p  0.001). Number of cells and number of spines per
group: GFPNrb287mut, 8 cells, 1829 spines; untransfected, 8 cells, 1375 spines.
were involved. We used fluorescence recovery after (1-287), p 0.02]. This implies that the stabilizing partner
for NrbI(1-1095) binds NrbI somewhere in the first 287photobleaching (FRAP) to characterize the NrbI iso-
forms (Figures 4A and 4B). If binding to F-actin alone amino acids and that the truncated protein has a
stronger affinity for this protein than does the full-directs NrbI localization to dendritic spines, the time
course of FRAP for GFPNrbI should be similar to or length protein.
Our FRAP data suggest an additional binding partnerfaster than that for GFPactin, depending on the off-
rate of GFPNrbI from F-actin. Instead, GFPNrbI(1-1095) for neurabinI, which helps to stabilize NrbI in dendritic
spines. Where exactly does this partner bind? In orderrecovered significantly more slowly than GFPactin [Fig-
ure 4C;   78 12 s for GFPNrbI(1-1095) versus 42 6 to pinpoint regions of potential interest, we mapped
conserved domains between NrbI and NrbII. Alignmentfor GFPactin], providing evidence for additional binding
partners that stabilize NrbI(1-1095) in spines. The kinet- of the N termini of NrbI and NrbII revealed five regions
of high conservation (Figure 4D); four of these wereics of recovery for NrbI(1-287) were even slower than
for NrbI(1-1095) [Figure 4C;   136  18 s for GFPNrbI within the previously defined actin binding domain
NrbI Actin Binding in Spine and Synapse Growth
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(amino acids 1–144; Nakanishi et al., 1997). One, 5E). Thus, NrbI(1-287) caused a shift of the equilibrium
from monomeric to filamentous actin.NrbI(196-210), was outside this domain. We used site-
directed mutagenesis to delete amino acids 196–210 A potential complication of these measurements
would be if simultaneous expression of NrbI(1-287) af-from GFPNrbI(1-287) to create GFPNrb287mut.
Similar to GFPNrbI and GFPNrbI(1-287), GFPNrb287mut fected the expression level of GFPactin. Assuming the
existence of a mechanism to set the filamentous spinewas highly concentrated in dendritic spines of CA1 pyra-
midal neurons (Figure 4E), confirming that GFPNrb287mut actin at a constant steady-state level, a decrease in
the overall actin expression level could then lower theretained the ability to bind the spine actin cytoskeleton.
Does deletion of amino acids 196–210 from NrbI(1-287) monomeric actin level and cause an apparent increase
in the proportion of actin in the filamentous form. How-abolish binding of the putative partner? To address this
question, we measured the time course of FRAP for ever, we consider this explanation unlikely. First, the
fluorescence level was not significantly different be-GFPNrb287mut. GFPNrb287mut fluorescence recovered
significantly faster than GFPNrbI(1-1095) or GFPNrbI tween cells with and without NrbI(1-287) (see Experi-
mental Procedures). Second, in previous experiments it(1-287) (Figure 4C, filled symbols), suggesting loss of
interaction with the additional binding partner(s) that has been observed that expression levels of GFPactin
can vary by more than an order of magnitude withoutstabilized NrbI(1-1095) and NrbI(1-287) in spines. In fact,
the recovery of GFPNrb287mut was similar to GFPactin an effect on fdynamic (Star et al., 2002).
(Figure 4C;   25  2 s). Thus, the stabilizing partner
for NrbI binds at amino acids 196–210. NrbI(1-287)-Induced Spines Make Synapses
Could the stabilizing partner play a role in the spine Previous studies and models have suggested that stabi-
morphogenesis phenotype? Similar to GFPNrbI(1-287), lization of a nascent spine requires contact with a pre-
GFPNrb287mut had significantly higher spine densities synaptic element (Ziv and Smith, 1996; Jontes et al.,
than untransfected cells (1.2-fold; Figure 4F) and in- 2000; Trachtenberg et al., 2002). Does the NrbI(1-287)-
creased spine lengths (1.3-fold; Figure 4G). However, induced increase in spine density (Figure 3E) also reflect
the changes were much smaller than those observed an increase in the number of synapses? To address this
for GFPNrbI(1-287) (Figures 3E and 3F), demonstrating question, we performed serial section electron micros-
that deletion of amino acids 196–210 from GFPNrbI copy (SSEM) and 3D reconstructions on dendrites from
(1-287) decreased its ability to induce spine morphogen- cells expressing NrbI(1-1095) and NrbI(1-287) that had
esis but did not abolish it completely. Thus, although been previously imaged (Figures 6A and 6B; Supple-
the actin binding domain of NrbI is sufficient to stimulate mental Figure S2 [http://www.neuron.org/cgi/content/
spine morphogenesis, binding to the stabilizing partner full/44/2/321/DC1/]).
in spines potentiates the effect. In a dendritic segment (length 74m) reconstructed
from an NrbI(1-1095) cell, we detected 31 spines and
24 synapses (10 shaft synapses, 14 spines with oneNrbI(1-287) Causes Actin Polymerization
How does expression of NrbI(1-287) lead to growth of synapse; Figure 6A; Supplemental Figure S2 [http://www.
neuron.org/cgi/content/full/44/2/321/DC1/]). In a 15 mdendritic spines? We wondered if NrbI(1-287) could
change the actin cytoskeleton so as to favor the growth dendritic segment reconstructed from an NrbI(1-287)
cell, we observed 13 spines and 9 synapses (one shaftof dendritic protrusions. We assayed the dynamics and
organization of the actin cytoskeleton in dendritic spines synapse, six spines with one synapse, and one spine
with two synapses; Figure 6B). Thus, there was a 2-foldusing FRAP of GFPactin (Figures 5A and 5B). FRAP of
actin is characterized by three time constants (Star et increase in both spine density and synapse density for
NrbI(1-287) dendrites versus NrbI(1-1095) dendrites. Theal., 2002). The recovery time for freely diffusing monomer
is short (1 s, shorter than our sampling interval). The fraction of spines with synapses was significantly higher
on dendrites from NrbI(1-287)-expressing cells (0.54 recovery time due to cycling of F-actin is significantly
longer (10 s). A small stable pool of actin (with very 0.12) than from NrbI(1-1095)-expressing cells (0.45 
0.09; p  0.02). These observations are consistent withlong time constants) has also been reported. FRAP can
also assess the proportion of actin existing in “mobile” the interpretation that spines from NrbI(1-287)-express-
ing neurons have synapses, perhaps even at higher rates(fmobile, monomeric, freely diffusing), “dynamic” (fdynamic,
F-actin polymer), or “stable” forms (fstable, Figure 5C; than normal. Thus, overexpression of a truncated NrbI(1-
287) stimulated the formation of new spine synapses.Supplemental Experimental Procedures [http://www.
neuron.org/cgi/content/full/44/2/321/DC1/]; Star et al., Spines from the reconstructed dendrites provided a
high-resolution look at GFPNrbI localization (Figures2002).
We measured FRAP of GFPactin alone and in cells 6C–6H). We observed no obvious difference in the distri-
bution of GFPNrbI(1-1095) and GFPNrbI(1-287) in den-cotransfected with NrbI(1-287). The rate of turnover of
F-actin was not significantly different in the presence of drites and spines. Concentrated DAB labeling corre-
sponding to GFPNrbI was always seen associated withNrbI(1-287) [Figure 5D; dynamic 48 10 s for GFPactin
NrbI(1-287) versus 42  6 s for GFPactin]. However, we dendritic spines, completely filling the spine (Figure 6C)
or in the spine neck (Figure 6D). It was not possible todid observe a dramatic shift in the proportions of spine
actin in the monomeric as opposed to the filamentous classify synapses as either symmetric or asymmetric,
and therefore inhibitory or excitatory. In a few casesform (Figure 5E). For GFPactin alone, fmobile  0.46 and
fdynamic 0.51. In the presence of NrbI(1-287), these distri- we observed what appeared to be a new filopodium
extending from a site of concentrated NrbI staining (Fig-butions shifted to fmobile  0.28 and fdynamic  0.68. The
stable fraction was small under both conditions (Figure ure 6E). The PSD regions of dendritic shaft synapses
Neuron
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Figure 5. GFP-NrbI(1-287) Causes Actin Polymerization
(A) Raw data for a FRAP experiment of GFPactin. Colored boxes in the first panel show regions where fluorescence intensity was measured.
Time stamps are in seconds. One spine (red box, red arrows) was bleached between 40 and 50 s. Scale bar, 2 m.
(B) Fluorescence intensity values corresponding to the boxes in (A). Red, bleached spine; blue, unbleached neighboring spine; green, back-
ground.
(C) Schematic illustrating the interpretation of FRAP experiments (adapted from Star et al., 2002; Supplemental Experimental Procedures
[http://www.neuron.org/cgi/content/full/44/2/321/DC1/]).
(D) FRAP of GFPactin in the absence (open triangles) or presence (open squares) of NrbI(1-287). Number of cells and number of spines per
group: GFPactin  synNrbI(1-287), 5 cells, 23 spines. GFPactin data is the same as in Figure 4C.
(E) Fraction of GFPactin in mobile, dynamic, or stable forms in the absence (open bars) or presence (shaded bars) of NrbI(1-287). In the
presence of NrbI(1-287), there was significantly more GFPactin in the dynamic, filamentous form (p  0.01) and significantly less GFPactin in
the mobile form (p  0.01).
also showed strong GFPNrbI staining (Figure 6F). Some- tested. Remarkably, the average response sizes for
NrbI(1-287) cells and untransfected neighbors were in-times intense DAB labeling was observed in regions of
the dendrite that closely apposed a presynaptic bouton distinguishable (Figure 7C). Thus, despite the increase
in the number of synapses in the NrbI(1-287) neurons,even in the absence of a synaptic contact (Figures 6G
and 6H). the total synaptic input was not changed.
These measurements suggest that in NrbI(1-287) cells
individual synaptic strengths were downregulated toCompensation in Synaptic Strength Keeps
compensate for more synapses. To test this, we re-Total Synaptic Input Constant in Cells
corded spontaneous miniature excitatory postsynapticExpressing NrbI(1-287)
currents (mEPSCs). mEPSC amplitudes were reducedSince cells overexpressing GFPNrbI(1-287) have in-
in cells expressing NrbI(1-287) compared to controlscreased spine and synapse densities and similar den-
(Figures 7D and 7E), consistent with a downregulation.dritic arbors (Supplemental Figures S1C and S1D [http://
A decrease in mEPSC amplitude is expected to cause awww.neuron.org/cgi/content/full/44/2/321/DC1/]),
decrease in the frequency of detected mEPSCs becausethey likely have more synapses overall. What are the
the smallest responses will disappear into the recordingconsequences of an increase in the number of synapses?
noise (Zhou et al., 2000). However, we observed thatIf individual synapses in control and NrbI(1-287) trans-
frequencies of detected mEPSCs were unchanged forfected cells have on average the same strength, one
NrbI(1-287) (Figure 7F), despite the decrease in ampli-would expect increased synaptic input for transfected
tude, implying a higher frequency of smaller mEPSCsneurons. To probe synaptic input, we simultaneously
in cells expressing NrbI(1-287) compared to controls,recorded from a pair of transfected and neighboring
and consistent with a larger number of relatively smalleruntransfected neurons while stimulating presynaptic
synapses. This result implies that the increased densityneurons using laser scanning photostimulation (LSPS;
of synaptic inputs for NrbI(1-287) cells was accompa-Figures 7A and 7B; Supplemental Figure S3). LSPS pro-
nied by a downregulation of the strength of individualvides an estimate of the total local synaptic input to the
synapses to keep total synaptic input constant.recorded neurons (Shepherd et al., 2003) and offers an
Spines in NrbI(1-287) neurons were longer and thinneradvantage over conventional extracellular electrical
stimulation in that many more presynaptic sites can be than spines in control neurons. These spines could har-
NrbI Actin Binding in Spine and Synapse Growth
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Figure 6. NrbI(1-287)-Induced Spines Make
Synapses
(A) EM reconstruction of 19 m of dendrite
from a cell expressing GFPNrbI(1-1095), dis-
played at two viewing angles. The cell was
imaged on a two-photon microscope imme-
diately prior to fixation and staining for GFP.
Basal dendrites close to the cell body were
chosen for serial section analysis. Yellow box
shows imaged region corresponding to the
reconstructed region. The portion of dendrite
shown is only part of the entire 74 m den-
dritic segment reconstructed (Supplemen-
tal Figure S2 [http://www.neuron.org/cgi/
content/full/44/2/321/DC1/]).
(B) EM reconstruction of 15 m of dendrite
from a cell expressing GFPNrbI(1-287), dis-
played at two viewing angles. The cell was
imaged on a two-photon microscope imme-
diately prior to fixation and staining for GFP.
Basal dendrites close to the cell body were
chosen for serial section analysis. Yellow box
shows imaged region corresponding to the
reconstructed region.
(C) Electron micrograph of GFPNrbI(1-287)
staining in the head of a dendritic spine. Scale
bar, 0.5 m for (C)–(H).
(D) GFPNrbI(1-1095) staining in the neck of a
spine with a perforated synapse.
(E) GFPNrbI(1-1095) staining in a filopodia-like structure.
(F) A dendritic shaft synapse with strong concentration of GFPNrbI(1-1095) in the vicinity of the PSD.
(G and H) Concentrated GFPNrbI(1-1095) staining in the dendrite apposing a presynaptic element ([G], arrowhead) with little evidence of a
synapse in this section or any others in this series. The same presynaptic element synapses with a spine head ([H], arrowhead).
bor relatively immature synapses, characterized by few is that NrbI(1-287) increases the number of transient
contacts while leaving the probability of contact stabili-AMPARs and relatively many NMDARs (Durand et al.,
zation unchanged.1996; Isaac et al., 1995; Liao et al., 1995). Alternatively,
To gain insight into the process of synapse formation,the strengths of individual synapses may be downregu-
we performed time-lapse imaging of neurons undergo-lated homeostatically, involving changes both in AMP-
ing synapse formation. Neurons expressed either GFPARs and NMDARs (Watt et al., 2000; Turrigiano et al.,
alone or GFP cotransfected with NrbI(1-287) or NrbI1998). To distinguish between these two possibilities,
(1-1095). After 2 days of expression, neurons expressingwe measured the ratio of AMPAR and NMDAR mediated
NrbI(1-287) already exhibited a dramatic phenotype; al-currents simultaneously in transfected and neighboring
though an increase in density of protrusions was notuntransfected neurons. Glutamatergic currents were
yet apparent, most spines appeared much longer andevoked by uncaging of glutamate directly onto dendrites
thinner than in control neurons (Figure 8A; Supplementalin the presence of TTX (1 m) to block spiking. AMPAR
Figure S4 [http://www.neuron.org/cgi/content/full/44/2/currents were measured at 65 mV and NMDAR recep-
321/DC1/]). We measured spine addition and subtrac-tor currents at 40 mV. We found no significant differ-
tion and spine motility (Figure 8; Supplemental Figureence in the AMPA/NMDA current ratios for the two
S5). The spine turnover ratios (the fraction of spinesgroups (Figures 7G and 7H). This lack of difference im-
gained or lost per 15 min interval) were similar in NrbIplies that NMDAR currents are scaled down at a similar
(1-287)-expressing and control neurons (Figure 8B). Welevel to AMPAR currents, supporting the homeostatic
further quantified spine turnover by measuring the life-model.
time of each spine as the time interval over which it
was present during the time-lapse imaging session. The
Spines Expressing NrbI(1-287) Exhibited distribution of spine lifetimes revealed no significant dif-
Increased Motility ferences (Figure 8C). Thus, expression of NrbI(1-287)
How does NrbI(1-287), a truncated protein constituting did not affect spine lifetime or turnover ratios.
little more than the actin binding domain of GFPNrbI, We next measured the motility of individual spines by
stimulate synaptogenesis? Synapse formation requires summing the absolute length of extension and retraction
contact between dendrite and axon, stabilization of the per spine over 15 min intervals. NrbI(1-287) cells exhib-
contact, and assembly of the proteins required for syn- ited increased spine motility compared to cells trans-
aptic transmission. Contact can be initiated by dendrites fected with NrbI(1-1095) or GFP alone (Figure 8D). This
through growth of dendritic protrusions. One possibility increase in motility could reflect a dramatic increase in
is that NrbI(1-287) increases the probability that tran- the sampling of the surrounding volume for potential
sient contacts are stabilized, leading to a larger number synaptic partners. We quantified this into a metric that
we termed the Exploration Index, or the total spineof stable contacts and synapses. A second possibility
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Figure 7. Smaller Miniature Current Size
Keeps Total Synaptic Input Constant in Cells
Expressing GFPNrbI(1-287)
(A) Schematic of the recording configuration
for measuring synaptic responses. We simul-
taneously recorded from transfected (green)
and neighboring untransfected (blue) neu-
rons while stimulating presynaptic cells using
LSPS (Experimental Procedures). Inset shows
cell bodies and proximal dendrites from one
pair of simultaneously recorded cells.
(B) Examples of synaptic responses from un-
transfected cells (blue) and GFPNrbI(1-287)-
transfected cells (green). Vertical black line
marks time of stimulus.
(C) Average synaptic response amplitude
from pairs of NrbI(1-287) transfected (y axis)
versus untransfected (x axis) cells; each pair
is represented by an open circle. There was
no significant difference in overall average
synaptic response size for NrbI(1-287) and
untransfected cells (solid black circle). We
analyzed seven GFPNrbI(1-287) cells and
seven untransfected neighbors.
(D) Cumulative frequency plot of mEPSCs re-
corded at65 mV from NrbI(1-287) (green line)
and untransfected (blue line) cells. Inset shows
representative traces from one NrbI(1-287)
and one untransfected cell. We analyzed five
GFPNrbI(1-287) cells and five untransfected
neighbors.
(E) NrbI(1-287) cells (black bar) show a signifi-
cant decrease in average mEPSC amplitude
from control untransfected cells (open bar)
(p  0.03, paired Student’s t test).
(F) NrbI(1-287) cells (black bar) show no sig-
nificant difference in mEPSC frequency from
control untransfected cells (open bar).
(G) Examples of direct, glutamate-evoked re-
sponses for untransfected cells (blue) and GFPNrbI(1-287)-transfected cells (green). AMPA responses were recorded at 65 mV (lower traces),
NMDA responses at 40 mV (upper traces).
(H) There was no significant difference in AMPA/NMDA ratio for NrbI(1-287) (black bar) and untransfected cells (open bar). We analyzed four
GFPNrbI(1-287) cells and four untransfected neighbors.
length changes per micron of dendrite per 15 min inter- onstrated that an NrbI variant, NrbI(1-287), that pro-
moted increased spine F-actin polymerization also initi-val; NrbI(1-287) cells showed a highly significant in-
crease (Figure 8E). As NrbI(1-287) expression dramati- ated spine morphology changes and increased spine
motility, resulting in an increased formation of spinescally affected spine motility and exploration but did not
affect spine lifetimes or turnover ratios, our results are and synapses. Furthermore, the cells with extra syn-
apses homeostatically downregulate individual re-consistent with a model whereby an increase in the
number of transient contacts leads to the increase in sponse sizes to keep total synaptic input constant.
synaptogenesis caused by NrbI(1-287).
Spine Actin Dynamics and Spine Motility
The motility of dendritic spines is shaped by cell adhe-Discussion
sion interactions and the protrusive forces of actin poly-
merization. Previous studies have shown that proteinsSpine motility, driven by actin dynamics, is thought to
allow the postsynaptic neuron to explore and sample known to affect actin cytoskeletal structure and dynam-
ics can alter spine densities and spine shapes (Hayashipresynaptic partners (Bonhoeffer and Yuste, 2002).
Spine motility also causes spine shape and size changes and Shirao, 1999; Nakayama et al., 2000; Irie and Yama-
guchi, 2002; Ackermann and Matus, 2003; Hering andassociated with changes in synaptic efficacy (Matsuzaki
et al., 2004). Here we examined actin dynamics and Sheng, 2003; Meng et al., 2003; Penzes et al., 2003). Here
we probed not only changes in spine morphologies,spine motility to characterize changes in the spine actin
cytoskeleton that promote spine morphogenesis and lengths, and densities, but also spine actin dynamics
and spine motility.synaptogenesis. By manipulating the expression of the
neuronal actin binding protein NrbI and NrbI deletion How is the spine actin cytoskeleton regulated to con-
trol spine motility? Even in the most stable mushroommutants, we obtained evidence that regulation of the
spine actin cytoskeleton can be sufficient to stimulate spines, the entire actin cytoskeleton turns over in tens
of seconds (Figure 5D; Star et al., 2002; Fischer et al.,spine morphogenesis and synapse formation. We dem-
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Figure 8. Spines Expressing GFPNrbI(1-287)
Exhibited Increased Motility
(A) Time-lapse images of CA1 pyramidal neu-
rons transfected with GFP alone, with both
GFP and GFPNrbI(1-287), or with both GFP
and GFPNrbI(1-1095) following 2 days of ex-
pression. Time stamps are in minutes. Scale
bar, 5 m.
(B) Turnover ratios were not significantly dif-
ferent for NrbI(1-287) cells (open triangles) or
NrbI(1-1095) cells (open squares) from GFP
alone cells (solid diamonds). Number of cells
and number of spines per group are as fol-
lows: GFP alone, 4 cells, 268 spines; GFP 
GFPNrbI(1-287), 3 cells, 256 spines; GFP 
GFPNrbI(1-1095), 3 cells, 177 spines.
(C) Spine lifetimes were not significantly dif-
ferent for NrbI(1-287) cells (open triangles) or
NrbI(1-1095) cells (open squares) from GFP
alone cells (solid diamonds).
(D) There was a significant increase in spine
motility for NrbI(1-287) cells (open triangles)
compared to GFP alone cells (solid dia-
monds) or NrbI(1-1095) cells (open squares).
(E) The Exploration Index, a reflection of the
total length traversed by all spines per unit
length of dendrite, was significantly higher in
NrbI(1-287) cells (shaded bar) than in NrbI(1-
1095) cells (solid bar) (p  0.02) or GFP only
cells (open bar) (p  0.01).
1998). Regulation of the growth and retraction of spines forces and perhaps increased spine growth in the visco-
elastic environment of the brain. This picture is consis-therefore must be accomplished by adjustment of the
rate or manner in which spine actin is polymerizing, tent with increased rates of spine growth (Figure 8), even
without changes in the rate of actin turnover (Figure 5).rather than by the absence or presence of spine actin
turnover. This could be accomplished through the action
of proteins that affect actin cytoskeletal dynamics (e.g., Spine Motility and Synaptogenesis
How does alteration of the spine actin cytoskeleton leadsmall GTPases: Hall and Nobes, 2000; Nakayama et al.,
2000; Penzes et al., 2003) in response to intrinsic or to synaptogenesis? The establishment of synaptic con-
nections can be broken down into three steps: initialextrinsic signals, such as glutamate, which has been
shown to influence both spine actin dynamics (Star et transient contact between axon and dendrite, stabiliza-
tion of appropriate contacts, and assembly of pre- andal., 2002) and spine motility (McKinney et al., 1999; Fi-
scher et al., 2000; Wong and Wong, 2001). postsynaptic molecules required for synaptic transmis-
sion. The spine actin cytoskeleton could act at any oneExpression of NrbI(1-287) caused an increase in spine
motility and an increase in F-actin content in spines. of these steps to facilitate synapse formation.
At the first step, alteration of the spine actin cytoskele-How would an increase in F-actin lead to an increase
in spine motility? Addition of spine F-actin could result ton could lead to synapse formation by increasing the
rate of transient contacts between dendrites and axons.from one of two mechanisms. First, each individual
F-actin filament could lengthen. Second, the total num- In this model, stabilization of transient contacts occurs
at normal rates, but because there are more transientber of F-actin filaments could increase through filament
nucleation. One popular model for actin-powered motil- contacts, the rate of synapse formation is increased.
How might changes in the actin cytoskeleton lead toity is the “elastic Brownian ratchet model,” in which the
addition of new actin subunits pushes on the membrane increased rates of transient contacts? One way could
be through increasing the motility of dendritic spines.(Mogilner and Oster, 1996; Pollard et al., 2000). A larger
number of actin filaments would imply larger protrusive Another way could be through increasing the rate of
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initiation of new filopodia. Either case would result in tion to of NrbI to dendritic spines is dependent on the
spine actin cytoskeleton. These results are consistentincreased exploration of surrounding neuropil for poten-
tial partners and thus would lead to an increased rate with an emerging theme in which binding F-actin directs
localization of postsynaptic proteins to spines (Shenof transient contacts. Our observation of a dramatic
increase in spine motility provides support for such a et al., 1998; Hayashi and Shirao, 1999; Grossman et
al., 2002).model.
At the second step, alteration of the spine actin cy- Second, our FRAP measurements in dendritic spines
revealed that NrbI is considerably more stable than actintoskeleton could lead to synapse formation through in-
creasing the stability of transient synaptic contacts. In in dendritic spines, implying that NrbI is stabilized in
spines by binding to scaffolds in addition to actin. Thethis model, dendritic spines initiate, grow, and retract
at the same rate as they do normally, making transient existence of such scaffolds has been demonstrated us-
ing latrunculin to depolymerize the spine actin cytoskel-contacts at normal rates. However, there is a higher
probability that the establishment of a transient connec- eton (Allison et al., 2000; Zhang and Benson, 2001). We
identified the region of NrbI that is responsible for NrbItion will lead to a stable connection. How could changes
in the actin cytoskeleton lead to increased stabilization stabilization in spines as amino acids 196–210. None of
the known interactions of NrbI (actin [Nakanishi et al.,of transient contacts? The spine actin cytoskeleton acts
as an anchor point for many synaptic proteins (Allison 1997], protein phosphatase I [MacMillan et al., 1999; Oliver
et al., 2002], kalirin-7 [Penzes et al., 2001], p70S6K [Bur-et al., 1998; Wyszynski et al., 1998). It could be that
the actin cytoskeleton is altered in such as way as to nett et al., 1998], TGN38 [Stephens and Banting, 1999],
or NrbII [MacMillan et al., 1999]) map to this site. There-increase the stability of these proteins at nascent syn-
apses, thus increasing the probability of contact stabili- fore, we propose the existence of an additional binding
partner for NrbI that stabilizes NrbI in spines.zation. In fact, manipulations that increase synaptic
strength have been shown to increase spine F-actin Third, we obtained further evidence for a role of NrbI
in spine morphogenesis. Previous experiments in disso-content (Fukazawa et al., 2003). Our observations of
increased spine F-actin suggest that such a mechanism ciated neuronal cultures suggested that NrbI(1-1095)
expression could stimulate an increase in the densitycould also be contributing to the increased synaptogen-
esis that we observed. and size of dendritic spines (Oliver et al., 2002). In our
brain slice culture experiments, however, we observePostsynaptic expression of NrbI(1-287), a protein that
promotes actin polymerization, induces spine growth no effect of NrbI(1-1095) on the density of spines, and
a small, but not significant, increase in spine length.and synapse formation. The additional observation of
increased spine motility suggests that the protrusive Instead, we observed that a NrbI deletion mutant, NrbI(1-
287), strongly promoted actin polymerization and spineforces produced by actin polymerization enhance con-
tact formation. However, long-term time-lapse imaging morphogenesis. Disruption of the binding partner inter-
action at amino acids 196–210 in Nrb287mut resultedexperiments that capture the accumulation of additional
spine synapses would be required to rigorously exclude in decreased ability to stimulate spine morphogenesis.
Although it is not clear exactly how the effects of thisthe additional possibility that actin stabilization pro-
motes contact stabilization. truncated protein relate to the function of the endoge-
nous protein, we suggest the following relationship. We
propose that the NrbI actin binding domain and theHomeostatic Regulation of Neuronal Excitability
binding partner act together to promote spine morpho-Our experiments provide new insights into homeostatic
genesis and that their actions are negatively regulatedmechanisms that act in a cell-autonomous level to regu-
by proteins that bind the C-terminal part of NrbI.late excitability. Recent studies have shown that syn-
NrbI can heteromultimerize with NrbII through its C-ter-apses in cortical neurons undergo homeostatic plastic-
minal coiled-coil sequences (Oliver et al., 2002) and hasity to control neural activity (Turrigiano and Nelson,
been isolated in complexes with NrbII from brain ex-2004). For example, silencing a single neuron by ex-
tracts in PP1 holoenzymes (MacMillan et al., 1999). Inpressing a potassium channel leads to a cell-autono-
addition, NrbII knockout mice have increased spine den-mous upregulation of synaptic input to restore activity
sities (Feng et al., 2000), implicating NrbII as a negativeto normal levels (Burrone et al., 2002). Other experiments
regulator of spine morphogenesis. It is possible thathave demonstrated that increasing global activity levels
NrbII acts as a negative regulator of NrbI N-terminal-cause a downregulation of synaptic input (Turrigiano et
induced spine morphogenesis through its interactionsal., 1998). In our experiments, the number of synapses
with the C terminus of NrbI. Our observations that NrbIincreased in cells expressing NrbI(1-287). Interestingly,
strongly stained dendritic filopodia (Figures 1 and 6) andwe find that cells expressing NrbI(1-287) have the same
that NrbI could be found at sites of contact betweenamount of synaptic input as control cells. Our results
dendrites and axons and at the base of short filopodiaimply that neurons compensate for more synapses by
(Figure 6) further support a role for NrbI in spine morpho-downregulating synaptic strength. Therefore, homeo-
genesis, perhaps acting to promote initiation of nascentstatic mechanisms can downregulate synaptic strength
dendritic filopodia.in a cell-autonomous manner in response to increased
synaptic input.
Experimental Procedures
Implications for Endogenous NrbI Function DNA Constructs and Mutagenesis
Our experiments also provide significant new insights GFPNrbI(1-1095) and GFPNrbI(286-1095) have been described (Oli-
ver et al., 2002). GFPNrbI(1-287) was created by ligating the BglII/into NrbI function. First, we demonstrated that localiza-
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KpnI fragment of full-length NrbI into BglII/KpnI-digested pEGFP-C1 fstable  1  (fmobile  fdynamic).
(Clontech). To express GFP alone, we used pEGFP-N1 (Clontech).
Rapid (2 ms) fluorescence measurements during the bleaching pulseGFPactin was from Yukiko Goda (Morales et al., 2000). syn-NrbI
used in our FRAP experiments revealed that bleaching of F-actin(1-287) is without a GFP tag under control of the synapsinI promoter
was more than 99% complete.(Kugler et al., 2001). We used the QuickChange Site-Directed Muta-
genesis Kit (Stratagene) and the oligo 5	-CTGAGCCCTCGGACGAA
Quantification of Expression LevelsCAGTGAGTCTCCAG-3	 to delete amino acids 196–210 of NrbI
Expression levels of GFP-tagged proteins were compared by mea-(1-287).
suring fluorescence intensity of single spines at a set power level.
We assumed no systematic differences in the depths of imagedHippocampal Culture, Transfection, and Immunostaining
dendrites in the brain slice. There was no significant difference inHippocampal slices were prepared from P6 or P7 rats as described
the spine expression levels of GFPNrbI(1-1095) (19 4 fluorescence(Shi et al., 2001; Stoppini et al., 1991). Genes were delivered at 3–5
units; 13 spines from 3 cells), GFPNrbI(1-287) (23  5 fluorescenceDIV using biolistic gene transfer (180 psi, Helios gene gun, Bio-Rad;
units; 17 spines from 4 cells), and GFPNrb287mut (35  9 fluores-McAllister, 2000). Plasmid DNAs were coated onto 1.6 m gold
cence units; 15 spines from 3 cells), measured at 12 mW in thebeads; for a standard preparation, we used 15 g of pEGFP-N1, 18
back focal plane. In addition, there was no significant difference in
g of GFPNrbI(1-287), 25 g of GFPNrbI(1-1095), 18 g of GFPactin,
the spine expression levels of GFPactin alone (48 14 fluorescence23g of syn-NrbI(1-287), or 30g of syn-NrbI(1-1095). Coexpression
units; 14 spines from 3 cells) versus GFPactin in the presence ofwas achieved by coating the beads with two DNAs and was con-
NrbI(1-287) (44  20 fluorescence units; 14 spines from 3 cells),firmed by immunostaining. In brief, slices were fixed overnight at
measured at 6 mW in the back focal plane.4
C in 4% paraformaldehyde, blocked overnight at 4
C in 5% goat
serum plus 0.3% Triton X-100, incubated overnight at 4
C in primary
Electron Microscopyantibody to NrbI (BD Transduction Laboratories, #611088), incu-
Immediately after imaging, slices were immersed in a solution ofbated 1.5 hr at room temperature in secondary antibody (Alexa594
0.2% gluteraldehyde and 2% paraformaldehyde in 0.1 M phosphategoat anti-mouse, Molecular Probes, #A-11032).
buffer (4
C, pH 7.4) and microwaved for 8 s. Slices were then cryo-
protected and freeze thawed in liquid nitrogen. After blocking inLatrunculin Experiments
0.1% BSA, they were incubated overnight in primary antibody at 4
CTransfected cells were imaged every 10 min in perfusing artificial
(anti-GFP, Chemicon, #AB3080), followed by biotinylated secondarycerebrospinal fluid (ACSF) at 5–8 days after transfection. latB (5 M)
antibody for 4 hr before being incubated in avidin biotin peroxidasewas added after 12 min baseline for a 10 min period followed by
complex and revealed with DAB. Sections were postfixed in 1%an ACSF wash. Average pixel intensity was measured for the spine
osmium tetroxide in 0.1 M cacodylate buffer, dehydrated in a seriesor dendrite at each time point, background was subtracted, and
of increasing concentrations of alcohol, and then embedded in Epondata were normalized to the average initial fluorescence value.
resin and mounted between glass slides. The previously imaged
GFP-labeled dendrites were located under light microscopy. Serial
Double Labeling and Quantification of Spine Lengths
thin sections (65 nm) were cut and placed in formvar-coated, single
and Densities
slot grids. Sections were imaged at a magnification of 15,000
Transfected hippocampal CA1 neurons and untransfected neigh-
using a Philips CM12 transmission electron microscope. Electron
bors were loaded with Alexa594 (Molecular Probes) through a patch
micrographs were aligned and analyzed in Photoshop (Adobe), Im-
pipette at 5–8 days after transfection and imaged using a custom-
aris (Bitplane), and Neurolucida (Microbrightfield) software. Quantifi-
built two-photon microscope. The microscope was controlled with
cation was based upon 13 spines on 15 m of dendrite from one
ScanImage (Pologruto et al., 2003), the objective was from Zeiss (NA
GFPNrbI(1-287) cell and 31 spines from 74 m of dendrite from
0.9, 63), and the laser was from Coherent (Mira 900F). Excitation
one GFPNrbI(1-1095) cell; both dendritic segments were at similar
wavelengths were 910 nm (GFP) and 810 nm (Alexa594). Cells with
positions along the dendritic tree.
excessive overexpression were excluded. For each cell, three seg-
ments of secondary basal dendrites and three segments of second-
Synaptic Electrophysiology and Glutamate Uncaging
ary apical dendrites were sampled. Image stacks consisted of sec-
At 5–7 days after transfection, whole-cell recordings were obtained
tions (512  512 pixels; 0.07 m/pixel) collected in 1 m steps.
from transfected cells and untransfected neighbors at room temper-
Care was taken to achieve close to identical fluorescence levels
ature (unless noted) in ACSF (127 mM NaCl, 25 mM NaHCO3, 25across imaged regions and imaging sessions. All images in the
mM D-glucose, 2.5 mM KCl, 4 mM MgCl2, 4 mM CaCl2, and 1.25figures are projections of 3D stacks. All clear protrusions emanating
mM NaH2PO4, aerated with 95% O2/5%CO2). Cuts were made onlaterally from the dendritic shaft, irrespective of shape, were counted
both sides of CA1 to reduce spontaneous activity. Neurons were
and measured in the red (Alexa594) images. Data were analyzed
20–60 m deep in the slice. Access resistances were in the range
using custom MATLAB software (Mathworks). Unless otherwise
of 10–25 M.
noted, error bars report standard error of the mean and statistical
mEPSCs were recorded at 29
C at a holding potential of 65 mV
significance was determined using Student’s t test.
in ACSF containing 1 mM MgCl2 (instead of 4 mM), 1 M TTX,
and 10 M bicuculline. Intracellular solution consisted of 120 mM
Fluorescence Recovery after Photobleaching CsMeSO3, 20 mM CsCl, 10 mM HEPES, 4 mM Mg2ATP, 0.3 mMAt 2–5 days after transfection, images were acquired every 10 s Na2GTP, 14 mM phosphocreatine, 4 mM NaCl, 3 mM ascorbate,(12 mW in the back focal plane). After five baseline time points, 0.6 mM EGTA, 50 M Alexa594; pH 7.3 with CsOH. mEPSCs were
spines were bleached by increasing zoom to include only the spine analyzed with custom MATLAB software using the template-match-
of interest and increasing the power to 50 mW for five continuous ing method (Clements and Bekkers, 1997).
frames (total illumination2.5 s). Most spines were measured twice; For uncaging analysis of synaptic and direct responses, we re-
only spines that eventually recovered were included. Average pixel corded simultaneously from GFPNrbI(1-287) cells and untransfected
intensity was measured for the spine at each time point, background neighbors. A few pairs (2/11) were recorded sequentially. Synaptic
was subtracted, and data were normalized to the average baseline and direct stimulation was accomplished by focal photolysis of
intensity. Values from three to five spines were averaged for each caged glutamate (Shepherd et al., 2003). In brief, Nitroindolinyl (NI)-
cell; these values were then averaged across cells. Time constants caged glutamate (Sigma-RBI) was added to recirculating ACSF to
and mobile and dynamic fractions were calculated by fitting the a concentrations of 0.37 mM. Once whole-cell recording was estab-
recovery curve of each cell with a single exponential (Figure 5C; lished, glutamate was focally uncaged by a 1 ms light stimulus from
Supplemental Experimental Procedures [http://www.neuron.org/ a UV laser.
cgi/content/full/44/2/321/DC1/]): To measure synaptic responses, we used a 4 objective, laser
power 10 mW, and 256 stimulus sites on a 16  16 grid with 50f  fmobile  fdynamic 1  exp(t/dynamic).
m spacing. Intracellular solution consisted of 130 mM KMeSO3, 10
mM HEPES, 4 mM MgCl2, 4 mM Na2ATP, 0.4 mM NaGTP, 10 mMTo calculate the stable fraction we used
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Na-phosphocreatine, 3 mM ascorbate, 1 mM EGTA, 3 mM biocytin, synaptic plasticity triggered by selective suppression of activity in
individual neurons. Nature 420, 414–418.50 M Alexa594; pH 7.3 with KOH. Synaptic responses were mea-
sured as the mean amplitude at 65 mV during a 75 ms window Clements, J.D., and Bekkers, J.M. (1997). Detection of spontaneous
directly following the stimulus. synaptic events with an optimally scaled template. Biophys. J. 73,
To measure direct responses, we used a 60 objective, laser 220–229.
power 2 mW, and 64 stimulus sites on an 8  8 grid with 20 m
Dailey, M.E., and Smith, S.J. (1996). The dynamics of dendritic struc-
spacing. Intracellular solution was cesium based, as for mEPSCs,
ture in developing hippocampal slices. J. Neurosci. 16, 2983–2994.
but with 1 mM EGTA and 3 M biocytin. Direct responses were
Dunaevsky, A., Tashiro, A., Majewska, A., Mason, C., and Yuste, R.recorded at room temperature in ACSF containing 1 M TTX and
(1999). Developmental regulation of spine motility in the mammalian10 M bicuculline. We collected two maps at 65 mV, two maps
central nervous system. Proc. Natl. Acad. Sci. USA 96, 13438–13443.at 40 mV, and two maps at 40 mV with 10 M NBQX. AMPA/
NMDA ratios were calculated as the mean response after baseline Durand, G.M., Kovalchuk, Y., and Konnerth, A. (1996). Long-term
subtraction at 65 mV (window: 0–15 ms poststimulus) divided by potentiation and functional synapse induction in developing hippo-
the mean response at 40 mV (window: 70–85 ms poststimulus). campus. Nature 381, 71–75.
Engert, F., and Bonhoeffer, T. (1999). Dendritic spine changes asso-
Time-Lapse Imaging of Spine Dynamics ciated with hippocampal long-term synaptic plasticity. Nature
At 2 days after transfection, slices were perfused at 34
C with carbo- 399, 66–70.
genated culture medium, and images were acquired every 15 min
Ethell, I.M., Irie, F., Kalo, M.S., Couchman, J.R., Pasquale, E.B., and
for 1–1.5 hr. For each transfected CA1 neuron, two segments of
Yamaguchi, Y. (2001). EphB/syndecan-2 signaling in dendritic spine
secondary basal dendrites and two segments of secondary apical
morphogenesis. Neuron 31, 1001–1013.
dendrites were imaged. Following imaging, slices were fixed and
Feng, J., Yan, Z., Ferreira, A., Tomizawa, K., Liauw, J.A., Zhuo,stained with anti-NrbI antibody to confirm NrbI expression in cotrans-
M., Allen, P.B., Ouimet, C.C., and Greengard, P. (2000). Spinophilinfected cells. Turnover ratios were calculated as (NgainedNlost)/(2Ntotal),
regulates the formation and function of dendritic spines. Proc. Natl.where Ngained is the number of new spines, Nlost is the number of lost
Acad. Sci. USA 97, 9287–9292.spines, and Ntotal is the total number of spines. Motility was calculated
Fischer, M., Kaech, S., Knutti, D., and Matus, A. (1998). Rapid actin-as the sum of the absolute values of all spine length changes per
based plasticity in dendritic spines. Neuron 20, 847–854.dendritic segment per 15 min period, divided by the total number
of spines per that segment. Exploration Index was calculated as Fischer, M., Kaech, S., Wagner, U., Brinkhaus, H., and Matus, A.
the sum of the absolute values of all spine length changes per (2000). Glutamate receptors regulate actin-based plasticity in den-
dendritic segment per 15 min period, divided by the dendritic length dritic spines. Nat. Neurosci. 3, 887–894.
of that segment.
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